Objective-Passive smoking has been associated with increased cardiovascular morbidity. The present study aimed to examine the long-term effects of childhood exposure to tobacco smoke on endothelium-dependent vasodilation in adults. Methods and Results-The analyses were based on 2171 participants in the population-based Cardiovascular Risk in Young Finns (Nϭ2067) and Childhood Determinants of Adult Health (Nϭ104) studies who had measures of conventional risk factors (lipids, blood pressure, adiposity, socioeconomic status) and self-reported parental smoking status when aged 3 to 18 years at baseline. They were re-examined 19 to 27 years later when aged 28 to 45 years. Brachial artery flow-mediated dilatation was measured at follow-up with ultrasound. In analyses adjusting for age, sex, and childhood risk factors, flow-mediated dilatation was reduced among participants who had parents that smoked in youth compared to those whose parents did not smoke (Young Finns: 9.2Ϯ0.1% (meanϮSEM) versus 8.6Ϯ0.1%, Pϭ0.001; Childhood Determinants of Adult Health: 7.4Ϯ0.6% versus 4.9Ϯ0.9%, Pϭ0.04). These effects remained after adjustment for adult risk factors including own smoking status (Young Finns, Pϭ0.003; Childhood Determinants of Adult Health, Pϭ0.03). Conclusion-Parental smoking in youth is associated with reduced flow-mediated dilatation in young adulthood measured over 20 years later. These findings suggest that passive exposure to cigarette smoke among children might cause irreversible impairment in endothelium-dependent vasodilation. (Arterioscler Thromb Vasc Biol. 2012;32:1024-1031.)
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Endothelial dysfunction is considered one of the pathophysiological mechanisms associated with tobacco smoke exposure. 4 Passive smoking has been linked with endothelial dysfunction, assessed using both invasive and noninvasive methods. 5, 6 Among children and adolescents, we 7 and others 8 have shown that second-hand smoke impairs brachial flowmediated dilation (FMD), a noninvasive marker of endothelial function. However, there is a paucity of knowledge concerning the long-term relation between childhood exposure to tobacco smoke and adult endothelial function.
Our aim was to examine whether parental smoking in childhood is predictive of impaired brachial FMD in adults. The analyses were based on 2 independent cohorts followed up since childhood: the Cardiovascular Risk in Young Finns Study in Finland 9 (Nϭ2067, baseline age 3-18 years in 1980, follow-up 27 years) and a subsample of the Childhood Determinants of Adult Health (CDAH) study in Australia 10 (Nϭ104, baseline age 9 -15 years in 1985, follow-up 20 years). Study participants in these cohorts have comprehensive data on cardiovascular risk factors since childhood allowing analyses to take into account several possible confounding or intermediate factors, such as lipids, blood pressure, body mass index (BMI), inflammation, and socioeconomic status.
Methods
Data from 2 prospective cohort studies conducted in Finland (Young Finns Study) and Australia (CDAH) were used. Each study received ethical approval and obtained written informed consent from study participants or their parents. All laboratory measurements were performed using fasting blood samples. For the statistical analyses, we included those participants with data on parental smoking in childhood and brachial FMD assessed in adults.
Cardiovascular Risk in Young Finns Study
The Young Finns sample is described in detail elsewhere. 9 In this study, we had data on 2067 participants who were aged 3 to 18 years in 1980 with brachial FMD measured in 2007 (age 30 -45 years).
Clinic Measurements
Questionnaire data in 1980 concerning current regular smoking was used to categorize mothers and fathers as smokers or nonsmokers. Similarly, participants' own smoking habits were reported at age 12 to 18 years. In 2007, study participants were asked whether they currently smoke on a daily basis or had ever smoked on a daily basis and among nonsmokers additional questions were asked to determine whether they were passively exposed to tobacco smoke at home, workplace, or elsewhere (eg, "How many hours per day were you exposed to tobacco smoke at home?"). Serum cholesterol and triglyceride concentrations were determined using enzymatic methods. HDL-cholesterol was analyzed after precipitation of very LDL and LDL-cholesterol with dextran sulfate 500 000. LDL-cholesterol was calculated using the Friedewald equation. Height and weight were measured and BMI was calculated. In 1980, blood pressure was measured in 3-year-olds using an ultrasound device, otherwise a standard mercury sphygmomanometer was used. In 2007, a random zero sphygmomanometer was used. High-sensitivity serum C-reactive protein was measured turbidimetrically on an automated analyzer. Birth weight was reported by questionnaire. Socioeconomic status was assessed using questionnaire data on parental education (years of study in 1980) or participants' education (years of study in 2007). Family income (in 1980) and own income (in 2007) were also assessed. Physical activity index was calculated by assessing the duration, intensity, and frequency of physical activity. 11 As this methodology was different in childhood among 3-to 6-year olds compared to 9-to 18-year olds, age-specific z-score values were used in statistical analyses. To examine the frequency of vegetables and fruit consumption in childhood, the subjects were asked to fill in a questionnaire on habitual dietary choices with 6 response categories. In 2007, a more detailed food frequency questionnaire providing an estimate of food consumption in grams/d was used. 12 In adulthood, participants were asked to report their consumption different alcohol beverages. 9
Brachial Artery Ultrasound Studies
Brachial ultrasound studies were performed using Sequoia 512 ultrasound mainframes (Acuson, Mountain View, CA) with 13.0 MHz linear array transducer. To assess brachial artery FMD, the left brachial artery diameter was measured both at rest and during reactive hyperemia. 13 Increased flow was induced by inflation of a pneumatic tourniquet placed around the forearm to a pressure of 250 mm Hg for 4.5 minutes, followed by a release. Three measurements of arterial diameter were performed at end-diastole at a fixed distance from an anatomic marker at rest and 40, 60, and 80 seconds after cuff release. The vessel diameter in scans after reactive hyperemia was expressed as the percentage relative to resting scan (100%). The greatest value between 40 to 80 seconds was used to derive the maximum FMD. In our laboratory, the 3-month betweenvisit coefficient of variation was 3.2% for brachial artery diameter measurements and 26.0% for FMD measurements. 13 
CDAH Study
The CDAH sample has been described in detail elsewhere. 10 In this study, we had data from 104 participants aged 9, 12, and 15 years at baseline who had relevant risk factor data in youth and brachial artery ultrasound measures at follow-up when aged 28 to 36 years (2004 -2006) .
Clinic Measurements
Serum total cholesterol and triglycerides were determined according to the Lipid Research Clinics Program, and HDL-cholesterol was analyzed following precipitation of apolipoprotein-B containing lipoproteins with heparin-manganese. 10 LDL-cholesterol concentration was calculated using the Friedewald formula. Plasma glucose levels at follow-up were measured. Serum C-reactive protein at follow-up was determined using an automated analyzer and a highly sensitive turbidimetric immunoassay kit. Height and weight were measured, and BMI was calculated. Blood pressure measurements were obtained using a standard mercury sphygmomanometer at baseline, and a digital automatic monitor at follow-up. Participants who indicated they were regular smokers (smoking a cigarette on 1 or more occasions per week) were classified as smokers. Similar definition was used for parental smoking. Participants retrospectively reported at follow-up the highest level of education completed by their mother/female guardian and their father/male guardian (lowϭschool only, mediumϭtrade/vocational certificate, highϭuniversity) when they were aged 12 years. 14 At follow-up, self-reported highest level of education completed was used as the indicator of socioeconomic status. At baseline, participants selfreported past week duration and frequency of active commuting to and from school, school physical education, school sport, and nonorganized physical activity. The sum of these activities was used as an estimate of minutes per week spent in physical activity in childhood. At followup, participants completed the long version of the International Physical Activity Questionnaire 15 to gain an estimate of minutes per week spent in leisure time physical activity and in active commuting. Birth weight was assessed at follow-up using a questionnaire. At follow-up, a 127-item food frequency questionnaire was used to estimate dietary intake (servings) during the previous 12 months. 16 Alcohol consumption was assessed in follow-up by a questionnaire. 17
Brachial Artery Ultrasound Studies
B-mode ultrasound studies of the brachial artery were performed using a validated portable Acuson Cypress (Siemens Medical Solutions USA Inc., Mountainview, CA) ultrasound machine with a 7.0-MHz linear-array transducer by a single technician who traveled to field clinics. 18 The ultrasound technician followed imaging protocols used in the Young Finns study. 13
Statistical Analyses
Unadjusted group comparisons in risk factors were performed using t-tests and 2 -tests. Age-adjusted analyses were done using linear regression analysis.
To study the association between childhood parental smoking status and adult FMD, regression analyses were performed. First, we studied unadjusted associations, thereafter results were adjusted for childhood and adult risk factors. To examine whether other factors modified the associations between parental smoking and FMD, risk factorϫparental smoking interaction terms were included in regression models for age, sex, BMI, smoking, and socioeconomic status. In addition, we examined the combined effect of childhood parental smoking and own ever smoking. A stepwise multivariable regression model using backward selection was performed to study all the independent childhood predictors of adult FMD. According to power analyses with these cohort sizes, in Young Finns we had 80% power to detect a difference of 0.5% between nonexposed and exposed Table 1 individuals, and in CDAH 80% power to detect a difference of 2.9% in FMD at the PϽ0.05 level. Statistical analyses were performed using SAS 9.2 and STATA 10. Triglyceride, C-reactive protein, and for CDAH, physical activity values were log-transformed due to skewed distributions. The main analyses were repeated after excluding subjects taking lipid-lowering (Nϭ43 in Young Finns, Nϭ1 in CDAH) or antihypertensive medications (Nϭ134 in Young Finns, Nϭ1 in CDAH), with essentially similar results. Statistical significance was inferred at a 2-tailed probability value Յ0.05.
. Baseline and Follow-Up Characteristics of Young Finns and CDAH Participants

Results
Participant Characteristics
Baseline characteristics are displayed in Table 1 . In Young Finns, those individuals whose parents smoked were younger. In age-adjusted analyses, they had overall worse cardiovascular risk factor profile in childhood and adulthood. In CDAH, those individuals whose parents smoked were less educated as adults. There were no difference between groups in baseline brachial diameter in Young Finns (3.37Ϯ0.60 versus 3.36Ϯ0.61 mm in those with nonsmoking versus smoking parents, Pϭ0.86) or CDAH (3.33Ϯ0.61 versus 3.54Ϯ0.70 mm, Pϭ0.11). The absolute increase in brachial diameter was greater among those with nonsmoking parents in Young Finns (0.30Ϯ0.14 versus 0.28Ϯ0.13 mm in those with nonsmoking versus smoking parents, Pϭ0.03) and in CDAH (0.23Ϯ0.17 versus 0.16Ϯ0.16 mm, Pϭ0.05).
Attrition analyses were performed to compare baseline characteristics between participants and nonparticipants of the present study. In the Young Finns Study, the nonparticipants were more often males (55 versus 45%, PϽ0.001) and younger (10.2Ϯ5.0 versus 10.6Ϯ5.0 years, Pϭ0.02) compared to participants, but there were no differences in risk factor levels (data not shown). In CDAH, nonparticipants had lower HDL-cholesterol levels (1.44Ϯ0.30 versus 1.53Ϯ0.30 mmol/L, Pϭ0.001) and were more likely to have parents that smoked (48% versus 35%, Pϭ0.004) compared with participants.
Association Between Parental Smoking and Brachial FMD
In both cohorts, parental smoking was associated with impaired adult brachial FMD (Figure 1) . These relations remained significant in analyses adjusted for age, sex and childhood or adult risk factors. In Young Finns study, results were essentially similar when family (childhood model, Pϭ0.002) or own income (adult model, Pϭ0.007) were used as an indicator of socioeconomic status.
In the Young Finns study, a substantial proportion of individuals had missing data on physical activity, adult dietary variables, alcohol consumption, and birth weight (Table 1) . Therefore, these data were not included in initial models. However, the results were essentially similar in analyses also adjusted for childhood physical activity (Pϭ0.002, Nϭ1848), birth weight (childhood model, Pϭ0.002, Nϭ1714) or adult physical activity, fruit consumption, vegetable consumption, and alcohol consumption (Pϭ0.004, Nϭ1558). Similarly, the results were not altered in CDAH after adjustment for childhood physical activity (Pϭ0.02), birth weight (childhood model, Pϭ0.04) or adult physical activity, fruit consumption, vegetable consumption, and alcohol consumption (Pϭ0.03). A significant association was also observed among a subpopulation of Young Finns' individuals aged 12 to 18 years in a multivariable model additionally adjusted for childhood smoking (Pϭ0.03, Nϭ1002). The association also held in CDAH after additionally adjusting for childhood smoking (Pϭ0.03). In Young Finns cohort, the results were not altered when adult exposure to passive tobacco smoke was taken into account among Figure 2 ) performed in the Young Finns cohort, there was no significant difference in the effects of parental smoking on FMD according to age, sex, BMI, smoking status, or socioeconomic status. In CDAH, a significant interaction was observed in age-stratified analyses (Pϭ0.04) and in analyses stratified by adult socioeconomic status (PϽ0.05).
Combined Effect of Childhood Parental Smoking and Own Life-Time Smoking on Adult Brachial FMD
As shown in Figure 3 , a dose-response relationship was observed in the Young Finns Study between tobacco smoke exposure assessed using data on childhood parental smoking and own life-time smoking with brachial FMD. This relation remained significant (Pϭ0.02) in linear regression model adjusted with age, sex, and adult risk factors (LDLcholesterol, HDL-cholesterol, triglycerides, BMI, C-reactive protein, own study years, glucose). No significant parental smokingϫown life-time smoking interaction on FMD was observed in Young Finns (Pϭ0.64) or CDAH study (Pϭ0.40).
Discussion
In 2 independent cohorts parental smoking status in childhood was associated with reduced endothelium-dependent vasodilation measured over 20 years later in adulthood. Importantly, this association was not attenuated after adjustments for several possible intermediate or confounding factors.
The present findings are in line with prior studies showing cross-sectional associations between second-hand smoke exposure and endothelial dysfunction both in children and adults. [5] [6] [7] Our data extend these observations suggesting that there is an independent and persistent effect of passive smoke exposure in childhood. Similarly, we have previously shown that other conventional childhood risk factors have permanent deleterious effects on vasculature. 19 It has been shown that arterial endothelial dysfunction related to passive smoking 20 is reversible after cessation of the exposure. However, the reversibility may be only partial, as previously reported in young adults. 20 This may help to explain our observation that childhood passive smoking exposure is associated with impaired adult endothelial-dependent vasodilation. In line, cessation of active smoking for an average of 6 years has been associated with only approximately 50% recovery of endothelium-dependent FMD. 21 Based on our findings, it appears that efforts to limit or stop the exposure of children to environmental tobacco smoke may be beneficial in reducing the burden of cardiovascular disease. Importantly, among adult populations smoking bans in public places and workplaces are associated with significant reductions in ischemic heart disease incidence. 22 There are several possible mechanisms for the association between tobacco smoke exposure and endothelial dysfunction. 4 In vitro studies have shown that cigarette smoke induces the surface expression of adhesion molecules and promotes transendothelial migration of monocyte-like cells. 23 It turns the acetylcholine-induced artery relaxation to vasoconstriction. 24 Passive smoking reduces the activity of endothelial nitric oxide synthase. 25 Apart from these functional changes, it may impair the viability of endothelial cells, such as causing increased permeability and cellular damage. 4 It also impairs endothelial regeneration and maintenance. This process is mediated in part by endothelial progenitor cells. Second-hand smoke has been shown to adversely affect the function of these cells. 26 This leads to impaired ability to migrate toward vascular endothelial growth factor, a key signaling molecule in vascular growth and repair, and thereby might cause chronic endothelial damage. Exposure to cardiovascular risk factors induces changes in arterial size. Typically large brachial diameters are seen in relation with obesity, hypertension, and dyslipidemia. 27 In the present study, exposure to parental smoking was not associated with brachial artery baseline diameter. Similarly, in the report of Chung et al, 27 active smoking was not associated with adaptation of brachial artery size.
From both an etiologic and prevention point of view an important issue is whether the association between childhood tobacco smoke exposure and impaired adult endotheliumdependent vasodilation is based on direct effects of the components of smoke on the vascular system or through the confounding or intermediate effects of elevated levels of classical cardiovascular risk factors. In the present study, we observed minor differences in lipid levels between nonexposed and exposed individuals. In addition, exposed participants had lower socioeconomic status and higher adult smoking prevalence in Young Finns Study. In this subcohort of CDAH these differences were nonsignificant, although in the whole cohort parental smoking has been related with adult smoking. 28 Among current nonsmokers in the Young Finns Study, the prevalence of adult passive smoking was higher. However, in the analyses taking into account these factors, the inverse association between parental smoking and brachial FMD was not attenuated. Importantly, in both cohorts, a significant inverse association was observed among those who had never smoked themselves. In addition, in Young Finns Study, a dose-response relationship was observed in analyses examining the combined effect of parental and own smoking. Previously we have shown in Young Finns cohort that there is an inverse nonsignificant association between own smoking and FMD. 29 Several interaction analyses were performed to examine whether the effect of smoke exposure differs according to risk factor status. In the Young Finns study, no significant interactions were observed. However, in age-stratified analyses the effects tended to be strongest in the youngest age groups. In CDAH, there were significant interactions with age and socioeconomic status. Although these findings should be interpreted cautiously as N-values in different strata were small (Table 2 for age analysis, for SES N-values were 35/26/44 in low/medium/high groups, respectively), the finding that the association was strongest among CDAH individuals with higher educational suggests that the effects of tobacco smoke exposure might be more pronounced as the burden of other cardiovascular risk factors is lower among those with favorable SES. 30 The present study has several limitations. Parental smoking assessment based solely on questionnaires is not the preferred means to examine the exposure to environmental tobacco smoke. However, it has been shown that questionnaire data on parental smoking habits correlates well with cotinine levels. 31 Data on exposure to environmental tobacco smoke in adulthood was not available in CDAH. In the Young Finns cohort, only approximately 5% of current nonsmokers were exposed to passive smoke, and the association of childhood parental smoking with adult FMD remained significant after taking into account adult passive smoking. In addition, because of bans on smoking in most public places, exposure to passive smoke in general in Australia was likely to be low during the CDAH follow-up. 32 As the study cohorts are comprised of young adults, we are not able to study associations between passive smoking and cardiovascular events. Instead, we have used an established ultrasound measure of brachial artery endothelial function as an indicator of atherosclerosis. Supporting the use of this surrogate marker is the finding showing its independent association with future cardiovascular events. 33 In addition, observational studies are prone to bias when trying to establish causality. Bias due to differential loss to follow-up was possible. Although loss to follow-up differed substantially between cohorts, risk-factor levels tended not to be substantially different between follow-up participants and nonparticipants in each cohort. However, in CDAH parental smoking was more frequent among nonparticipants, which may have diluted the findings. We did not measure endothelium-independent nitrate mediated vasodilatation that is often included as a control test for the FMD test to ensure that the decreased FMD capacity observed is a consequence of endothelial dysfunction, not a reflection of underlying smooth muscle dysfunction. However, also nitrate-mediated arterial relaxation seems to attenuate in the process of atherosclerosis. 34, 35 Because of smaller number of individuals and fewer covariates in CDAH study, the results should be interpreted cautiously-as the broad standard errors suggest. Finally, as study participants were predominantly Caucasian, the results cannot be generalized to other ethnicity groups.
The results from this study provide data about long-term effects of childhood exposure to tobacco smoke. Our findings from 2 longitudinal cohort studies showed that parental smoking in youth is associated with reduced FMD in young adulthood measured over 20 years later. Importantly, these associations were not altered after adjustments with classical cardiovascular risk factors. Therefore, these data suggest that passive exposure to cigarette smoke among children might cause irreversible impairment in endothelium-dependent vasodilation. Figure 2 . The difference and 95% confidence interval (CI) in brachial flow-mediated dilatation (FMD) values between individuals whose parents did not smoke vs individuals whose parents smoked examined stratified by sex, body mass index (BMI), current smoking, ever smoking, childhood, and adult socioeconomic status (SES) in the (A) Young Finns Study and the (B) Childhood Determinants of Adult Health Study. Values are from regression analyses performed separately for 2 groups and expressing the difference according to parental smoking status (no vs yes). A negative value indicates that FMD is lower among individuals whose parents smoked. Results are adjusted for age, sex, and adult LDLcholesterol, HDL-cholesterol, triglycerides, BMI, C-reactive protein (CRP), education, glucose, and smoking (except for respective analysis). Probability values from regression analyses are for risk factorϫparental smoking interaction term. 
